Intense laser-driven proton pulses, inherently broadband and highly divergent, pose a challenge to established beamline concepts on the path to application-adapted irradiation field formation, particularly for 3D. Here we experimentally show the successful implementation of a highly efficient (50 % transmission) and tuneable dual pulsed solenoid setup to generate a homogeneous (8.5 % uniformity laterally and in depth) volumetric dose distribution (cylindrical volume of 5mm diameter and depth) at a single pulse dose of 0.7 Gy via multi-energy slice selection from the broad input spectrum. The experiments have been conducted at the Petawatt beam of the Dresden Laser Acceleration Source Draco and were aided by a predictive simulation model verified by proton transport studies. With the characterised beamline we investigated manipulation and matching of lateral and depth dose profiles to various desired applications and targets. Using a specifically adapted dose profile, we successfully performed first proof-of-concept laser-driven proton irradiation studies of volumetric in-vivo normal tissue (zebrafish embryos) and in-vitro tumour tissue (SAS spheroids) samples.
Introduction
Laser plasma accelerators 1, 2 can deliver intense and energetic proton bunches of sub-ps duration and with unique characteristics 3 as compact sources. By that they have the potential for a wide range of multi-disciplinary applications. This includes warm dense matter research 4 , probing of ultra-fast plasma dynamics 5 , material research 6 and archaeological surveys 7 , injector sources for conventional accelerator structures [8] [9] [10] or radiobiology studies of laser-driven proton and ion beams [11] [12] [13] [14] [15] [16] as well as translational research in laser-driven radio-oncology 17 . In general these applications require specific beam qualities, such as controlled spectral and spatial shapes, particle number as well as sufficient reproducibility and stability. In parallel to ongoing development and improvement of the high power laser sources on the petawatt (PW) level [18] [19] [20] , continuous efforts in the field have been undertaken to study and optimise the laser-matter interaction. Advanced acceleration schemes 21 and sophisticated targetry [22] [23] [24] [25] [26] are recognised as possible routes to improving key features of the laser accelerated proton beams, such as narrowed spectra or enhanced intensity and energy. However, target normal sheath acceleration (TNSA) from thin solid-density foils remains today the best established and most stable acceleration mechanism. Therefore, it is most commonly used for proof-of-concept experiments in the mentioned range of applications.
In short pulse driven TNSA, protons originating from the target surface layers gain energy along the target normal direction due to space charge fields set up by fast electrons 27 , which in turn have been accelerated by the relativistic laser pulses at the front surface plasma 28 . Intrinsically, TNSA-accelerated proton pulses feature broad exponentially decreasing spectra with cut-off energies of tens of MeV up to approximately 90 MeV 29, 30 (currently) and an energy-dependent half-opening angle of up to 20°. As a consequence, tailored transport and beam shaping techniques have to be used to derive application specific beam parameters 10, [31] [32] [33] [34] . Ideally, innovative laser plasma based concepts [35] [36] [37] can be applied, but mostly beamlines comprise conventional devices based on permanent magnets. Capture, collimation, and focusing of the strongly divergent proton beams represent the most challenging tasks. In early approaches, permanent quadrupole magnets were successfully tested 13, [38] [39] [40] but suffer from low transmission efficiency. The implementation of large aperture high-power solenoids can potentially solve this problem as demonstrated by high transport efficiencies of around 34 % [41] [42] [43] . While field strengths of permanent magnets or direct current electromagnets are typically limited by saturation of the core materials to below two Tesla, non-destructive pulsed high-field magnets can provide up to several tens of Tesla. This tremendously reduces size and weight of the beamline structures 44 . Driven by pulsed power supplies the magnetic field can be tuned independently per pulse.
Special challenges arise for the application of laser-driven proton beamlines as dose delivery systems for radiobiological studies, in particular if three dimensional volumetric biological samples are envisaged. There, homogeneous dose distribution over the sample volume is mandatory. Longitudinal homogeneity over a certain depth can be obtained from a spread out Bragg peak (SOBP) which requires superimposed protons of a correspondingly broad energy window with weighted spectral intensity. Equally important is the lateral dose homogeneity, which is necessary for an evenly distributed absorbed dose throughout the entire sample volume. A sufficiently high dose rate of the order of 1 Gy min , appropriate shielding of the sample against secondary radiation, and real-time dose control for the radiobiological sample, that has to be irradiated in-air, conclude the requirements 14 .
In the following work we present the design and optimisation of a compact laser-driven proton beamline based on two pulsed high-field solenoid lenses and its implementation at the Draco laser facility for dose-controlled irradiation studies of three-dimensional biological samples. This appears in the context of an extensive translational research programme focusing on radiobiological in-vivo studies [45] [46] [47] via irradiation of 3D tumour entities with low-energy high-dose-rate proton bunches. With the presented beamline the generation of volumetrically homogeneous SOPB dose distributions in a single shot is demonstrated for target volumes of up to 5 × 5 × 5 mm 3 to be irradiated with a dose of about 1 Gy per shot. The SOBP is produced by mixing multiple proton energy contributions in a single shot, similar to the concept proposed by Masood et al. 44 , and therefore taking full advantage of the broad energy spectrum inherent to the TNSA mechanism.
Concept and setup of a laser-driven proton beamline at Draco
The presented beamline is installed at one of the target areas of the Draco laser facility at Helmholtz-Zentrum Dresden-Rossendorf (HZDR) 19 . Its main design features are presented in fig. 1a ). Using the Petawatt beam of Draco 48, 49 (E L = 13 J after recollimating single-pass plasma mirror, τ = 30 fs, 3 µm FWHM spot size) on 80 nm to 200 nm plastic targets, we accelerate protons via TNSA which are then transported by the key components of the beamline: two identically designed pulsed high-field solenoids -one in close vicinity to the laser target installed in vacuum (solenoid S1) and one outside of the chamber (solenoid S2). Further downstream is a diagnostic chamber equipped with a thin transmission ionisation chamber for online dose measurement, followed by a 25 µm Kapton window acting as the vacuum-air boundary. The irradiation site is located at the end of the beamline, where either radiobiological samples or in-air diagnostics can be installed and tested 50 . At positions P1-5, detectors (stacks of self developing radiochromic films (RCF), scintillator blocks, ultra-fast diamond detector 51 ) or beam-manipulating elements (apertures, scatter foils) can be introduced. The following paragraphs explain the conceptual ideas behind the beamline setup for radiobiological in-vivo studies on three-dimensional tumour entities with laser-driven protons.
Radiobiological studies on volumetric samples generally require a homogeneous dose distribution throughout the entire sample. Generating such a dose distribution from a TNSA proton source requires spectral and spatial modification of the divergent beam. In order to maintain a high throughput, solenoid S1 with a 40 mm bore opening diameter is placed 8 cm behind the laser target, resulting in a geometrical acceptance angle of 14°(half-angle). S1 is used to efficiently capture the laser-driven protons and collimate a selected energy class E 2 (green beam in fig. 1a) ). The collimated beam propagates in vacuum towards solenoid S2. S2 is set to focus protons of energy E 2 in front of P5 to generate an expanded beam at sample position. For irradiation studies where lateral dose homogenisation is required, a scatter foil is installed at P4 as well as an energy-selecting aperture, which suppresses unwanted energies. Lastly, the irradiation field size at P5 is defined by a proton beam block with an aperture according to the sample geometry.
As a chromatic focusing device 52 , solenoid S1 will not only collimate protons of energy E 2 but also focus protons with a lower kinetic energy. For a specific energy E 1 < E 2 (blue beam in fig. 1a ) it occurs that these protons are focused between S1 and S2, recaptured by S2 and finally focused at the same position as protons with E 2 . This leads to two separate spectral parts of the TNSA protons being superimposed at the irradiation site and subsequently a more efficient use of the initially broad spectrum. Figure 1c ), top left, shows the depth dose distribution in a scintillator at P4 (no scatter foil or aperture used) where the two transported spectral components are clearly visible as two distinguishable penetration depths. In comparison fig. 1c ), right, shows the one solenoid case, where only one energy band is focused. The RCF images below show corresponding lateral focal spot shapes. RCF data were obtained by stacking films, where protons reach a film in a certain depth according to their Bragg-peak energy. Two focal spots are visible on the 7.9 MeV RCF, but only one remains visible on the 18.6 MeV RCF. The sensitivity of the solenoid alignment allowed us to spatially separate the different transported spectral parts without measurable impact on lateral focal spot shape. The red circles on the RCFs depict the sample size ( focal spot is preferred in order to minimise proton loss due to the tails of a star-like focus. Nevertheless, for a given sample size, a deliberately introduced misalignment of the solenoids enables us to control the ratio of the intensities of the two spectral parts of the transported protons. The star-like focal spot shape has been observed at several laser facilities using different focusing solenoids 42, 43, 53 . Its cause is currently under investigation using both laser-and conventional accelerators. Due to the flexibility of the beamline with its different setups, it is suited for a broad range of applications. Notable is the interaction of the TNSA source and the dual solenoid setup which enables the transport of two separate spectral components on a single-shot basis.
Beamline modelling and experimental verification
To predict solenoid parameters for optimised beam transport, we developed a simulation model of the beamline and its components using General Particle Tracer, a 3D particle tracing software. Each solenoid is handcrafted leading to small deviations in the complex winding geometry (winding steepness, exact distances between winding layers, in-and outlet of the wire, etc.) unknown after completion. Therefore, a reproduction of the solenoids' complex internal structure in simulations is of limited precision. Hence, the simulations use current loops arranged in layers according to the actual used winding and layer numbers for predicting the solenoid field maps.
We characterised the beamline experimentally and adapted the model accordingly. Keeping the simulated winding geometry constant, the peak solenoid current I S was chosen as the optimisation parameter. Our aim is to find the translation factor α. This factor is supposed to predict optimal experiment parameters from simulation studies by translating the solenoid current I S,sim found in simulation to the according peak solenoid current I S,exp , measured during experiment, following I S,exp = α · I S,sim .
An initial translation factor α 0 was determined by comparing the simulated and measured magnetic field strength along the main solenoid axis. A measurement of a complete 3D field map with high resolution, including all fringe fields, standard for permanent magnets or DC devices, is not practical for pulsed high-field solenoids at relatively low repetition rate. The experimental data was acquired via a Hall-probe suitable for measurements in pulsed high magnetic fields 54 . Figure 2a ) shows the comparison of the B-field measurement (50 pulses) to the simulated B-field on axis resulting in a translation factor of α 0 = 1.06, adjusted to minimise the difference of the peak field strengths. The simulated field distribution is in particularly good agreement with the measurement, allowing us to perform particle tracing studies using GPT.
The derivation of α 0 only takes a small fraction of the B-field map into account. Yet, charged particle motion inside a solenoid is also strongly affected by fringe field shape and amplitude. To improve the applicability of α 0 for predictive simulation, three independent, application oriented methods were studied at the Draco laser facility, yielding three independent factors α 1,2,3 . All three employ single-shot diagnostics in consideration of the pulsed operation of the solenoids and TNSA source.
The first method makes use of the correlation between solenoid focal length and magnetic field strength. Keeping the detector plane fixed at P4, we varied the solenoid current, and therefore the B-field, to focus protons of different energies onto a scintillator block. The maximum penetration depth of the focused protons in the scintillator (as seen in fig. 1c )) corresponds to their kinetic energy. For a range of applied currents I S1 , protons of different kinetic energy E P were focused. The comparison to a set of simulations replicating the measurements (see fig. 2b )) using square root fits yields a translation factor α 1 = 1.08 ± 0.02. Figure 2c ) summarises experimental results, where we aimed to determine the kinetic energy of protons which are collimated by S1 at a certain fixed peak B-field. In order to do so, the solenoid peak current was fixed at I S1 = 14 kA. An RCF stack at P2 covered half of the solenoid aperture and simultaneously a second RCF stack at P3 covered the full aperture. The graphs in fig. 2c ) show the energy dependent beam size formation at both positions for freely propagating protons downstream of S1. Two irradiated films, corresponding to a Bragg peak energy of 25.5 MeV are shown in fig. 2c ) demonstrating a well collimated beam. The slopes of the proton beam diameters as a function of their kinetic energy are different for positions P2 and P3, because of the different propagation lengths in combination with the energy dependent focal lengths. The intersection of the drawn fit functions marks the collimated energy, i.e. E coll = (25.1 ± 0.4) MeV. GPT-simulations were performed, using a divergent source of 25.1 MeV protons. By altering the model current I sim = α 2 · 14 kA, the mean divergence angle behind S1 was minimised. According to this method a translation factor α 2 = 1.05 ± 0.02 was derived.
The third complementary method to determine the translation factor is the analysis of the spectral distribution of the proton beam via the time-of-flight (TOF) method. A fast diamond detector was placed at P3 and the laser-driven proton bunch was focused onto it. The diamond detector signal was recorded by a fast oscilloscope and then deconvoluted to derive the spectrum of the transported beam. Figure 2d ) compares the normalised spectrum with the simulation model prediction for α 3 = 1.14 ± 0.02. The translation factor was found by minimising the deviations of the two datasets in accordance to cut-off energy and spectral shape. Consistent with all four independent approaches we define a mean translation factor of α = 1.09.
The simulation model of the beamline is not complete without a translation factor β for S2. We verified that an identical translation factor β = α = 1.09 factor suffices for predicting the start-to-end beam transport. The aforementioned methods for the capturing solenoid S1 are not directly applicable, as the second solenoid S2 is not installed in close vicinity of the 4/14 proton source. Therefore, in analogue to the TOF method, we compared measured and predicted energy distributions of the transported protons. Empirically, we determined beamline parameters that generate a focused proton beam of approximately 25 MeV main energy at position P4. An RCF stack at P4 detected the protons transported via both solenoids. The RCF samples certain discrete parts of the transported spectrum. Keeping the calibration factor α for S1 fixed, we performed a parameter scan over I sim,S2 . From fig. 2e ) we justify the use of β = 1.09 as it shows principal agreement between the experimental spectrum derived from RCF (blue dots) and simulated spectrum (orange line). Both factors, α = β = 1.09, have been set to predict beam transport for all following experiments.
Beamline optimisation for irradiation experiments at Draco
In the following we present an experimental study on the optimisation of the beamline setup in particular for radiobiological irradiation studies at the Draco laser facility. The previously verified beamline simulation model provided us with valuable input to achieve our ultimate goal -the generation of complex dose distributions tailored to match a multitude of samples and applications by tuning the beamline parameters.
One particular aim, which is further used as an example for the beamline optimisation, is the irradiation of a volumetric tumour on a mouse ear, according to Oppelt et al 46, 47 . This tumour model was specifically designed to match the capabilities of a laser-driven proton beamline. The nearly spherical tumour has a diameter of approximately 3 mm. A minimum proton range of 5 mm in water was deemed necessary to account for tumour penetration including size and shape deviations as well as dosimetric control measurements in front of and behind the mouse ear, e.g. with RCFs. This penetration depth requires protons with a kinetic energy of at least 25 MeV. Similarly, the diameter of the irradiation field was set to 5 mm. An integrated dose of 5/14 min 55 . The radiobiological model requires that every part of the volumetric tumour absorbs the identical proton dose. Hence, the lateral as well as the depth dose distribution have to be uniform, with an acceptable deviation of ±5 %. The acceptable dose deviation also applies for mean absorbed dose values throughout the pool of irradiated specimens.
Taking into account the spectrum shown in fig. 1b ) and the required energy of 25 MeV with a bandwidth of ±1 MeV, approximately 5.7 × 10 9 protons are generated and available for dose delivery. If all deposit their kinetic energy fully inside the tumour, the applicable dose would be 23.3 Gy, exceeding the total dose requirement by a factor of two in a single pulse. Figure 3a) shows the theoretically predicted transmission efficiencies of the beamline for a proton beam with a spectral bandwidth of (25 ± 1) MeV and TNSA-like divergence. To simplify the simulations, the protons are homogeneously distributed over a solid angle in accordance to the maximum divergence extracted from fig. 1b ), instead of the experimentally seen Gaussian-like distribution. Therefore, the simulation provides a lower limit of the transmission efficiency under optimised conditions. A parameter sweep over solenoid currents I 1,sim and I 2,sim was performed to find the operation point for maximum transmission. Protons are counted as transmitted when they hit a defined reference area of 5 mm diameter at P5. The x-axis in fig. 3a) represents single solenoid transport. The rest of the heat map area corresponds to the dual solenoid case. Indicated are the points of maximum transmission. Associated particle trajectories are shown in fig. 3b ).
Under optimised conditions, single solenoid transport provides a transmission efficiency of 23 %. The first reason for particle loss is clipping of the highly divergent input beam at the capturing solenoid's aperture. The second reason is the spherical aberration of the solenoid lens. The highly divergent protons (depicted blue in fig. 3b ), bottom) travel through the solenoid in close proximity to its windings, where the B-field is stronger. They are therefore focused closer to the solenoid and diverge afterwards to beam diameters larger than the reference area, so are not counted as transmitted. For advanced spectral shaping, which will be explained below, and in order to enhance the beamline transmission we use solenoid S2 along with S1. With our simulation model a maximum transmission efficiency of 37 % was predicted. As seen in the top picture of fig. 3b ), under optimised conditions, the protons are almost collimated between the solenoids. Therefore, upon entering S2, no clipping occurs. The shorter focal length of S2 reduces the influence of spherical aberration on the overall transport. In the presented case, all protons entering solenoid S2 pass through the reference area.
We transferred the optimised transmission conditions from GPT to experiment via translation factors α and β . The beamline model allows us to predict optimised transport parameters to match proton beams of various kinetic energies, practically enabled via the tuneable pulsed solenoids. The first comparative experimental studies on single and dual solenoid transport have been carried out at slightly reduced kinetic energy levels with the solenoid peak currents scaled accordingly. The beamline transmission has been empirically optimised beyond simulation model predictions by applying slight changes to the currents. Figure 3c ) shows associated lateral dose distributions from RCFs at focal position, i.e. P4, using both solenoids (left) and only the capturing solenoid S1 (right).
We analysed data from three consecutive shots, comparing the number of transported protons at 18.6 MeV with respective source characteristics and derived transmission efficiencies of 50.6 % for dual solenoid and 28.6 % for single solenoid transport, thus above theoretical prediction. We attribute this to the Gaussian angular distribution of TNSA protons (cf. fig. 1b )) that was not featured in the simulation model. Comparing the numbers of transported protons for the consecutive measurements in fig. 3c ), we derive an enhancement in transmitted particles by a factor of 1.77 for the dual solenoid case over single solenoid. Comparing this to the respective ratio calculated from the simulation prediction, i.e. 1.61, we find very good agreement between theory and experiment.
Following up on the radiobiological scenario, fig. 4 summarises the first results of a proof-of-principle dual solenoid irradiation scheme, where high-resolution (absorber-free) RCF stacks were placed at the actual irradiation site P5, mimicking a radiobiological sample. The generated focal spots are currently too small and inhomogeneous to apply the dose to the sample, therefore we shifted the focal spot position closer to S2, letting the protons diverge after the focus to diffuse laterally. As a result, higher energy protons are now focused at the sample position. Since they are undesired for our irradiation studies, these protons were suppressed by an energy selecting aperture of 4 mm diameter at P4. Depicted in the top row of fig. 4a ) (five consecutive pulses integrated), the beam diameter is now large enough to cover the experimentally required 5 mm irradiation field size. The lateral homogeneity was improved by introducing a scatter foil at P4 behind the energy selecting aperture. Experimentally, 25 µm brass was found to be best suited. The main transported spectral component centred around 25 MeV exhibits a mean scatter angle of 0.6°, matching the geometrical half angle of 0.5°, which the final aperture spans between P4 and P5. The second spectral component around 12 MeV is scattered more strongly, i.e. 1.2°. An RCF stack was irradiated with five consecutive transported proton pulses in this beamline configuration. Corresponding colour-coded dose pictures are presented in fig. 4a ), bottom row, where the black circle represents the aperture size of 5 mm. The lateral dose homogenisation is clearly visible throughout the stack.
For the presented RCF stacks we calculated the mean dose values within the 5 mm irradiation area for every film and plotted these values in form of a depth dose distribution to show the mean dose per shot (see fig. 4b )). Depicted in orange is the depth 6/14 dose distribution for dual solenoid transport without scatter foil. We see remaining inhomogeneities throughout the stack due to the intense low-energy component of the transported protons in accordance to TNSA source characteristics. Introducing the scatter foil allows us to generate a homogeneous dose distribution in depth. The dose in shallow depths is decreased above average, because of the stronger scattering that the low energy protons undergo when passing the brass scatter foil. Therefore they are spread over a larger area at the sample position. For proton source characteristics close to those in fig. 1b ), the beamline enabled single shot mean dose values of around 2.3 Gy. Upon introducing the scatter foil the mean dose per shot was determined to be around 0.7 Gy. This trade-off, however, allows a homogeneous dose delivery to a cylindrical volume of 5 mm diameter and 5 mm depth with an overall dose homogeneity of ±8.5 % (both laterally and in depth), already very close to the radiobiologically required ±5 %. To reach the required dose rate of 1 Gy min , about three pulses have to be applied within two minutes. This is presently feasible by the experimental setup since it enables two pulses per minute. The beamline has proven to work reliably over ∼ 1000 shots. Example dose data, taken with an ionisation chamber, from 23 consecutive shots is shown in the inset of fig. 4b ).
In summary, a multitude of spectral shapes and therefore depth dose distributions can be generated at the sample position. Furthermore, adjusting the solenoids' lateral position and orientation with respect to each other leads to a spatial separation of the low-and high-energy focus and can therefore be used to fine-tune the ratio of both spectral components, e.g. to counter changes in the slope of the exponential source spectrum. By altering the distance between S1 and S2 as well as field strengths, complementary to changing the intensity of the transported energy components, we can tune their spectral separation. The possibility of introducing various apertures and scatter bodies on demand at multiple positions along the beamline extends the capabilities of the beam transport system even further. 
First volumetric irradiation studies with laser-driven protons at Draco
With the established beamline we performed the first volumetric irradiations of biological tissue at the Draco laser, using tumour spheroids (human squamous cell carcinoma of the tongue (SAS), 650 µm diameter) and zebrafish embryos (2 mm to 3 mm length). We adapted the beamline parameters to match the size of the latter with a safety margin of 1 mm, while also accounting for dosimetric verification. The irradiations were performed using the dual solenoid setup with 25 µm brass scatter foil, again resulting in a laterally and in depth homogenised dose distribution with maximum deviations of ±8.5 % over the sample volume. Figure 5a ) shows the depth dose distribution and schematically the size of the irradiation samples. A dose of 7.5 Gy was delivered to the embryo sample (25 embryos). In fig. 5b ) one irradiated zebrafish embryo (bottom) and a corresponding control sample (top) are shown. As measure for the effect of the irradiation, we investigate DNA double strand breaks (DSB) in the samples, as they indicate the most severe damage to DNA. By evaluating γ-H2AX foci as surrogate markers for DNA DSBs, laser-proton irradiated and control samples were indistinguishable. This behaviour was attributed to the rather low applied absolute dose. Follow-up studies at a conventional accelerator suggest, that for the applied radiobiological assay, absorbed dose values well above 15 Gy should be delivered.
Based on this observation and taking into account that SAS spheroids are known to be quite resistant to photon irradiation 56 , we applied an integrated laser-accelerated proton dose of 15.3 Gy and could demonstrate clear signatures of acute and massive DNA DSB in the samples as opposed to unirradiated controls (cf. fig. 5c )). The spheroid centre does not show DNA DSBs mainly because these cells were already dead before irradiation. To our knowledge, this measurement constitutes the first experimental demonstration of radiation damage induced by laser-driven proton beams in a volumetric radiobiological sample and therefore marks an important step along the translational research chain. 
Conclusion and Outlook
We set up and experimentally optimised a pulsed high-field magnet beamline for laser-driven protons at Draco Petawatt. The beamline uses two solenoid lenses to transport broader parts of the TNSA source spectrum relative to the quasi-monoenergetic transport via a single solenoid lens. As a result, a single-shot spread-out Bragg-Peak can be generated, otherwise only accomplished by introducing complicated ridge filters 57 or by applying the dose via multiple shots. In this manner, the beamline delivers a homogeneous depth dose distribution, fulfilling one requirement of radiobiological irradiation studies. Tailoring the beamline output to match further radiobiological demands like prescribed total dose, sample shape and size, is fundamentally feasible due to the solenoids' tuneability via the applied current. Corresponding beamline parameters can be predicted by the presented simulation model.
With regard to a dedicated mouse tumour model, we demonstrated a homogeneous (±8.5 %) cylindrical dose distribution of 5 mm diameter and depth with up to 0.7 Gy per shot, close to the model requirements. As first steps towards large-scale radiobiological irradiation campaigns, volumetric in-vitro and in-vivo irradiation studies with tumour spheroids and zebrafish embryos were performed, using a parameter set specifically adapted to the samples. We successfully induced a significantly high number of DNA double-strand breaks in a selected tumour spheroid model by applying a dose as high as 15.3 Gy of laser-driven protons.
Recent works show a growing interest in radiobiological effects of high mean dose rate radiation 15, 58 . To reach similar regimes and to enable experiments of even larger scale, we are further improving the beamline: The first pursued approach is increasing the pulse repetition rate, to be accomplished via cooled high-field solenoid magnets powered by high-repetition rate current pulse drivers 59 . Ultimately, beamline operation rates of 1 Hz are the goal and currently under development, to match the repetition rate of Draco PW and advanced targetry 60 . The second approach relies on improving the source spectra to provide more protons of desired energy to the beamline. Our most recent experimental observations suggest an enhancement in particle flux around 25 MeV by at least one order of magnitude when proton beams with cut-off energies in the range of 50 MeV are generated via the TNSA mechanism. Our current beamline setup is designed for maximum proton energies of up to 70 MeV, allowing us to consider bigger sample sizes and more complex radiobiological scenarios in future studies.
Methods

Pulsed current drivers and solenoids
Two identically constructed solenoid coils have been installed 8 cm (solenoid S1) and 110 cm (solenoid S2) behind the laser target. The first solenoid always acts as a capturing device for the highly divergent protons to either focus them onto a sample/detector directly or transport the collimated beam towards the second solenoid which in turn focuses. For remote controlled alignment, solenoid S1 is mounted on a hexapod (Newport HXP100-MECA). The solenoids were manufactured at the Dresden High Magnetic Field Laboratory (HLD). They consist of 112 evenly distributed windings in four layers, each reinforced by at least 1.5 mm Zylon. A strong copper alloy (Wieland K88) wire of 4.3 mm × 2.8 mm cross section is wound on a cylindrical fibre-reinforced plastic (FRP) body with 54 mm outer diameter and 48 mm inner bore size. This large bore size allows for a high capture efficiency. The capturing solenoid S1 is enclosed by a cylindrical stainless steel housing with a PEEK 9/14 lid. The housing is connected via bellows to the outside of the target chamber to operate the coil in ambient air. This measure has to be taken to prevent the reinforcement and FRP from outgassing, which would deteriorate the vacuum quality and lower the electrical insulation of the coil.
To provide the coils with high current pulses, two capacitor-based pulse generators (C total = 326 µF and C total = 200 µF) have been developed which can provide maximum charging voltages of U C = −24 kV and U C = −16 kV resulting in stored energies of 94 kJ and 25.6 kJ respectively. Capacitor bank and solenoid (inductance L ≈ 270 µH) together act as a resonant circuit where the capacitor is discharged over a high-voltage switch (thyratron) into the high-field solenoid, yielding an on-axis magnetic field strength of up to B max ≈ 19.5 T. The B-field strength is not directly measured in the experiment but can be derived from online pulse current measurements via Rogowski coil (Power Electronic Measurements Ltd, CWT 1500, measurement error < ±1 %) recorded for every pulse.
The maximum repetition rate of the pulse generators is around three pulses per minute, but applying the highest current to the solenoids over a time of about more than ten minutes leads to a temperature increase due to Ohmic heating in the solenoid, which endangers the compound of the reinforcement and adhesive. This could lead to outgassing and lowering of the insulation, enabling a possible spark between the windings and therefore has to be avoided. This repetition rate in combination with the repetition rate of the laser-proton source (mostly limited by target alignment) results in an effective repetition rate of two pulses per minute.
GPT-Simulation
For the simulations we reproduced the solenoids in "General Particle Tracer" in a simplified way, by modelling 112 current loops with distances according to the actual manufactured solenoid. The B-field is computed by GPT via the input current specified by the user. The proton source resembles a TNSA source with minor restrictions. It is implemented as a point source, the energy dependent proton number follows the spectral shape shown in fig. 1b ), top, while the energy dependent divergence follows fig. 1b ), bottom. Within one energy bin (100 keV), the particles are distributed homogeneously over the respective divergence angle. For particle tracing, GPT calculates the three-dimensional relativistic equations of motion of particles as function of time. The solver uses a fifth-order Runge-Kutta method with adaptive step size control. 61
Diagnostics and irradiation site
A scintillator detector block (BC-408, Saint-Gobain Crystals, 1 cm thickness) was used at P4 or P5 (see fig. 1 ) as an online monitor for lateral and depth dose distribution of the transported proton beam.
For more precise energy and dose resolving measurements (offline), stacks of self-developing radiochromic films (RCF) of type Gafchromic EBT3 replace the scintillator. RCFs are sensitive to ionising radiation and darken correspondingly to the dose they have been exposed to. With an appropriate calibration, a single film provides two-dimensional (lateral) dose information. When used as a stack of several films, they allow to map three-dimensional dose distributions and, via deconvolution, to reconstruct the kinetic energy spectrum of the impinging proton beam.
To reach the in-air irradiation site, particles exit the diagnostic chamber through a calibrated transmission ionisation chamber (IC, PTW X-Ray Therapy Monitor Chamber 7862), providing online dose monitoring during irradiation campaigns. Protons propagating further to the sample traverse through up to 30 cm of air. The resulting scattering of the proton beam may be taken into account for irradiation studies, while the energy loss of the particle is negligible (well below 1 %).
Irradiation samples are positioned behind a stainless steal aperture of 5 mm diameter to precisely control the irradiated area. The aperture thickness was chosen to be 5 mm, thick enough to block protons of up to 55 MeV kinetic energy.
Biological tissue handling, irradiation preparation and analysis
The experimental protocol was planned according to the European Parliament and Council Directive 2010/63/EU on the protection of animals used for scientific purposes, which states that the early life-stage of zebrafish are not protected and thus no ethical approval is required until the stage of being capable of independent feeding (five days post fertilisation). All procedures were performed with respect to this directive and in accordance with German legislation on the care and use of laboratory animals.
The zebrafish embryos were of the type Danio rerio, wild-type AB. They were transported to the irradiation facility and maintained under standard conditions (28 • C). Shortly before irradiation, 25 embryos (72 hours post fertilisation) were put in one well of a 96 well plate which was filled with E3 medium and enclosed with a suitable stamp (cf. Szabo et al 62 ). One hour after irradiation the embryos were sacrificed and fixed in 4 % paraformaldehyde for subsequent histological analysis. The immunofluorescence staining of the DSB signalling molecule (γ-H2AX) was adapted from Beyreuther et al 63 . Whole zebrafish embryos were imaged by an Axiovert S100.
Tumour spheroids were grown in liquid overlay according to the protocol by Friedrich et al 64 . Here, we seeded 7000 SAS cells (human squamous cell carcinoma of the tongue) per well into 1.5 agarose-coated 96-well plates and used the spheroids at day 6 in culture with a diameter of 600 µm to 650 µm. This spheroid size is generally associated with proliferation gradients and the presence of hypoxia and central secondary necrosis reflecting the pathophysiology in tumour microregions. For the treatment, single spheroids were transferred into a cuvette filled with 50 µL agarose and a nutrient solution (DMEM, penicillin/streptomycin (1 %), fetal calf serum (20 %)) and then irradiated. After irradiation, the spheroids were immediately fixed in 4 % paraformaldehyde for 24 hours to be embedded in paraffin for sectioning and further analysis. The staining procedure for the sliced spheroids was according to the embryos; the 10 µm median sections were imaged using an Axiovert S100 with a magnification of 100.
